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Background and Research Objectives
Until recently. most elementary-particle calculations involved determining probabilities (cross sections) for finding different particles with particular energies and angles following a collision of two incident particles. As successful as this scattering theory has been, it is clear that it is capable of addressing only a very limited subclass of questions one might hope to answer in particle physics or quantum field theory. Lattice quantum chromodynamcis (QCD) calculations are an exception to this rule, but they apply easily only to static or equilibrium situations. In the last few years it has become clear that there are many situations of direct physical interest involving time-dependent dynamical evolution in which a perturbative scattering formalism is wholly inadequate. This is the case for strong field electrodynamics in astrophysical plasmas in nuclear collisions of heavy ions during which a phase transition to a quark-gluon plasma is expected to take place, and in the hot, dense early universe. These problems require a detailed knowledge of the dynamical time evolution of the field configurations and energy flow.
*Principal Investigator, E-mail: emil@ pion.lanl.gov 1 Hydrodynamical models of nuclear collisions were first investigated very thoroughly for the case of pp and e'e-collisions by Cooper and his collaborators in the 1970s. These models assume that an equation of state (based on static equilibrium considerations) is applicable to these processes. The original kinetic theory formalism developed by Cooper, Carruthers. and others in the 70s was formulated for non-QCD model field theories and was developed to try to justify hydrodynamical assumptions. It is important to emphasize that such hydrodynamical models are completely ad hoc and that their connection to the underlying microscopic physics is unclear. A fully consistent field theoretic approach is necessary in order to calculate the evolution of the quark-gluon plasma from first principles of QCD. This is precisely the gap that we addressed.
study initial value problems both in the functional Schridinger picture and in the Heisenberg picture. The generic quantum radiation reaction problem was reduced to solving a well-defined set of finite, coupled integro-differential equations with given initial value data. Thus, a consistent theoretical formulation, coupled with the development of high-speed supercomputing finally makes the radiation reaction problem amenable to analysis, as well as timely in its applications to heavy-ion collider experiments and other areas of current active research.
In the past few years. Cooper, Mottola, and Y. a u g e r (then at Tel Aviv University) have developed numerical codes to solve for the time evolution of electrons and positrons produced by strong electric fields. Already it is clear that previous attempts to study pair production phenomenologically using a Boltzmann approach failed to correctly include Pauli-blocking effects and thus gave wrong particle spectra results. We have calculated production rates, determined an effective dynamical equation of state for the plasma, and watched the dissipation of the field with concurrent particle production and plasma oscillation. Interactions between the produced particles first appear at order 1/N in our systematic. large-N expansion. In transport theory language this is equivalent to adding collision terms in the Vlasov equation. Particle creation processes of exactly this sort are conjectured to take place in the vicinity of rapidly rotating neutron stars. Our calculation (now in progress) of the time scale for shorting out of the electric field energy into e'e-pairs will provide the first a priori calculation of the dynamics of this mechanism directly from the Lagrangian of quantum electrodynamics (QED), and may eventually constrain some of the astrophysical models of energy transport in pulsar magnetospheres.
It is believed from lattice QCD calculations that under extreme conditions of temperature and density, a new phase of matter may be produced, namely the quark-gluon plasma. Estimates of the critical baryon number density are around n, = .2 fm" and for the Several years ago, Cooper and Mottola pioneered the development of techniques t~ critical temperature T, = 200 MeV. Such critical densities of baryon number are expected to occur at the Relativistic Heavy-Ion Collider (RHIC) at Brookhaven National Laboratory. An understanding of the dynamics of this process is especially important for the theoretical interpretation of the data to be produced by RHIC experiments within a few years. The problem of lattice QCD calculations is that they can only study the plasma in a static condition &e.. in equilibrium at a fixed temperature), whereas the conditions following a heavy ion collision are clearly very far from equilibrium, at least initially. One would like to know how the plasma is produced, how efficiently it thermalizes on what time scale, how it evolves. and what are the special signatures (in terms of flow of energy, production of particles, correlations, etc.) of this new state of matter.
transition, during which time large numbers of low-momentum pions are produced that distort the final spectrum of secondaries away from an equilibrium distribution. These low-momentum pions are produced by a Bose-Einstein condensate, which is a coherent collective structure that later decays into individual pions (a pion "laser") as the plasma expands and cools. In the proposed experiments at RHIC. the PHENlX group will look for the predicted distortion of the pion spectrum that would be the fiist experimental evidence for the chiral phase transition in the strong nuclear interactions.
Our objective was to study in detail the evolution of the quark-gluon plasma following a heavy ion collision. Using our methods. we will be able to check which (if any) of the assumptions of the various hydrodynamical models are valid, and also to obtain numerically the dynamical equation of state of the quark-gluon plasma as a function of the proper time coordinate in the future light cone of the collision event. The effort at Los Alamos is unique in implementing this microscopic approach to a detailed description of the quark-gluon plasma from fundamental theory. Eventually this will make possible the first detailed calculation of transport coefficients, damping rates, and energy loss characteristics of this new phase of matter from first principles of QCD.
Although our primary focus was the strong field problem in the QCD quark-gluon plasma, our methods are applicable to a wide range of other physical problems. For example, the time evolution of the order parameter in a phase transition may be studied by these techniques. These dynamics are of great interest in statistical mechanics (spinodal decomposition) and in early universe cosmology. In the time evolution of the early universe, particle production effects are important and may lead to the dynamical decay of the cosmological constant and alter the large-scale structure of the universe.
In our simulations. we find that the system goes through a nonequilibrium phase
Importance to the Laboratory's Science and Technology Base and National R & D Needs
The underlying microscopic theory of nonequilibrium evolution in the context of quantum field theory and many-body theory has been developed in great part at Los Alamos in the Theoretical 0 Division. In fact, hydrodynamical models of nuclear collisions were first investigated in pioneering work by F. Cooper and his collaborators in the 1970s. The recent work by the authors has transformed the formal theoretical methods into practical algorithms, a feat only made possible by the advent of parallel supercomputers at the Advanced Computing Laboratory (ACL) at LANL. These methods have been applied to the quark-gluon and c h i d phase transitions of nuclear matter. It is this phase transition that will be probed by RHIC at Brookhaven National Laboratory. Los Alamos is a major participant in the effort at RHIC through the efforts of Barbara Jacak, Physics Division, and her collaborators in the PHENIX experiment.
powerful supercomputers available today. With the world's largest computer, the Connection Machine (CM-5) at the ACL, Los Alamos is the optimal location for this research. A major component of the Laboratory's strategic plan is the High Performance Computing Initiative. Our theoretical physics project demands high-performance supercomputing and, as such, is a prime example of a basic scientific research effort driving cutting-edge technology in an area of great importance to the future of the Laboratory.
The computational requirements of our proposal are a challenge to the most
Scientific Approach and Accomplishments
Our effort in understanding quantum field theory in nonequilibrium domains made progress on two fronts. First. we were able to relate our calculations of the nonequilibrium chiral phase transition to an experimentally measurable effect, namely an anomalous transverse distribution of pions at low momentum, and we also are about to use our density matrix to make an event generator for the experimental collaboration PHENIX. The calculation of the particle spectrum was done both in boost-invariant geometry as well as for a spherically expanding chiral phase transition. Second, we have exciting new results showing that the production of zero mass particles can cause apparent dissipation in quantum systems that are described by Hamiltonian dynamics. We were able to identify an appropriate entropy and understand decoherence. We also were able to predict analytically by linear response theory the intermediate and final stages of the time evolution of massless QA4 field theory starting from an initial thermal distribution.
We are also making progress understanding how to include scattering corrections to our mean field calculations in both the Heisenberg and Schsdinger equations. In the Heisenberg picture, a large N expansion leads to integro-differential equations that we studied in quantum mechanics. The advantage of the SchrTdinger picture is that one gets ordinary, first-order differential equations for the variational parameters. We have found that the large-N expansion is related to trial wave functions that are Gaussian time polynomials. More work is needed to understand the accuracy of the next order by comparing with exact results in quantum mechanics. The closed-time-path formalism of Schwinger and Keldysh was used to derive equations appropriate for studying timedependent initial value problems and nonequilibrium processes in quantum field theory. This formalism will allow us to do a systematic 1/N expansion in the number of fermion species or flavors in a way that i'nsures causality and gauge invariance at every order of the expansion. Once the relevant equations have been derived from the path integral, the analysis of renormalization divergences is straightforward and manifestly finite equations were derived that are suitable for numerical integration.
Alamos, in particular the CM-5. The complexity of the computational problem can be appreciated by noting that present codes consist of several thousand coupled nonlinear integro-differential equations and require a few weeks of running time on the FPS machine at the ACL.
We developed parallel codes to take full advantage of the computer power at Los
Our specific accomplishments include: Detailed results on particle production in the central rapidity region of a heavy-ion collision, such as energy-momentum flow, entropy production, and effective equation of state as well as comparison with phenomenological hydrodynamic models and Boltzmann-Vlasov transport theory. The first study of the quantum evolution of a disoriented chiral condensate (DCC), including the distribution of pions at low transverse momentum that could be used as an experimental signature for the chiral phase transition of nuclear matter, probed in heavyion collisions. Detailed calculation of time evolution of order parameters and correlation functions in spinodal decomposition in second-order phase transitions described by a LandauGinzburg free-energy function, including identification of the true nonequilibrium effective potential of the evolution, dissipation and decoherence by particle production effects, first principles calculation of the damping rate in the plasma, the growth of effective particle entropy, and the transition from quantum to classical behavior. Extension of the 1/N expansion previously developed for strong field electrodynamics to QCD, so that the effect of color and the nonlinear gluon interactions can be included in a systematic way. momentum for initial conditions corresponding to the formation of DCC (upper panels) compared to the locally thermal equilibrium number density (lower panels). Notice the strong enhancements at low p and low k,, in the case where DCC is formed in the collision event.
